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Description 

[0001] The present invention relates to a nitride sem- 
iconductor device including a light-emitting device, such 
as a laser diode (LD) device or a light-emitting diode 
(LED), and a light receiving device such as a solar cell, 
and more particularly to a nitride semiconductor light- 
emitting device. 

[0002] Nitride semiconductors can have a band gap 
energy which ranges from 1 .95 to 6.0 eV depending on 
their composition, and hence they have been drawing 
attention as a material for such semiconductor light-emit- 
ting devices as a light-emitting diode (LED) device and 
a laser diode (LD) device. Recently, as a result of the 
utilization of these nitride semiconductor materials, a 
high-brightness blue LED device and green LED device 
have been put to practical use. These LED devices have 
a double-heterostructure having a p-n junction and both 
have an output power exceeding 1 mW. 
[0003] A conventional LED device basically has a dou- 
ble-heterostructure wherein an active layer comprising 
InGaN is sandwiched between n-type and p-type clad 
layers each comprising AIGaN. An n-type contact layer 
comprising GaN is formed on the n-type clad layer, and 
a p-type contact layer comprising GaN is formed on the 
p-type clad layer. This laminate structure is formed on a 
substrate made of, for example, sapphire. 
[0004] Basically, an LD device can have a structure 
similar to that of the above-mentioned LED device. How- 
ever, most of LD devices have a separate confinement 
structure in which light and carrier are separately con- 
fined. A nitride semiconductor LD device of the separate 
confinement structure is disclosed in, for example, Jap- 
anese Patent Application Laid-Open (JP-A) No. 6-2151 1 . 
This document shows a light-emitting device of the sep- 
arate confinement structure in which an InGaN active 
layer is sandwiched between two light-guiding layers, i.e., 
n-type GaN and p-type GaN guiding layers. A carrier con- 
finement layer of an n-type AIGan is formed on the n- 
type light-guiding layer and another carrier confinement 
layer of a p-type AIGaN is formed on the p-type light- 
guiding layer. 

[0005] Meanwhile, a semiconductor device of a con- 
ventional double-heterostructure has an active layer, a 
first clad layer which is formed in contact with the active 
layer and which has a larger band gap energy than that 
of the active layer, and a second clad layer which is 
formed in contact with the first clad layer and which has 
a larger band gap energy than that of the first clad layer. 
This structure is intended for an efficient injection of elec- 
trons and holes into the active layer in accordance with 
energy levels. 

[0006] Likewise, a conventional nitride semiconductor 
LD device has an active layer and clad layers disposed 
thereon which include, for example, a light-guiding layer 
adjoined by acarrier confinement layer (lightconfinement 
layer), each having a progressively increased band gap 
energy (see, for example, the aforementioned laid-open 



application). 

[0007] However, it has been found that a conventional 
nitride semiconductor device having an indium-contain- 
ing active layer, and particularly an LD device, of the 

5 structure mentioned above, has a low-level light-emitting 
efficiency. In particular, it has been found that the rise in 
the device temperature by increasing the current sup- 
plied to the device is associated with a serious decrease 
in the light-emitting efficiency. 

10 [0008] Accordingly, an object of the present invention 
is to provide a nitride semiconductor device having an 
active layercomprising an indium-containing nitride sem- 
iconductor, wherein the nitride semiconductordevice has 
a high-level light-emitting efficiency. 

15 [0009] Another object of the present invention is to pro- 
vide a nitride semiconductor device which exhibits only 
slight reduction in the light-emitting efficiency even when 
the device temperature is raised. 

[0010] In one aspect, the present invention provides a 
20 nitride semiconductor device comprising: 

an active layer of a quantum well structure which has 
first and second surfaces and which comprises an 
indium-containing nitride semiconductor; 
25 a first nitride semiconductor layer which is provided 
in contact with the first surface of the active layer and 
has a band gap energy larger than that of the active 
layer; 

a second nitride semiconductor layer which is pro- 
30 vided on the first surface side of the active layer at 
a location more distant from the active layer than the 
first nitride semiconductor layer and which has a 
band gap energy smaller than that of the first nitride 
semiconductor layer, and 
35 a third nitride semiconductor layer which is provided 
on the first surface side of the active layer at a loca- 
tion more distant from the active layer than the sec- 
ond nitride semiconductor layer and which has a 
band gap energy largerthan that of the second nitride 
40 semiconductor layer. 

[0011] In a second aspect, the present invention pro- 
vides a nitride semiconductor device comprising: 

45 a first clad layer comprising an n-type nitride semi- 
conductor; 

an active layer of a quantum well structure provided 
on the first clad layer, said active layer comprising a 
nitride semiconductor containing indium and gallium 
50 and having at least one well layer having a thickness 

not greater than 70 angstroms, wherein said well lay- 
er is placed on an underlying layer in a state lattice- 
mismatched with the underlying layer and includes 
a plurality of indium-rich regions and indium-poor re- 
55 gions; and 

a second clad layer which is provided on the active 
layer and comprises a nitride semiconductor doped 
with an acceptor impurity. 
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[0012] In athird aspect, the present invention provides 
a nitride semiconductor device comprising a first n-type 
layer which comprises an n-type, aluminum-containing 
nitride semiconductor or n-type gallium nitride, and a sec- 
ond n-type layer which comprises an n-type, aluminum- 
containing nitride semiconductor, wherein the device has 
a third n-type layer which comprises an n-type, indium- 
containing nitride semiconductor and which is provided 
between the first n-type layer and the second n-type lay- 
er. 

[0013] In the nitride semiconductor device of the 
present invention, the active layer is sandwiched be- 
tween a layer structure which eventually contacts with a 
positive electrode, and a layer structure which eventually 
contacts with a negative electrode. Hereinbelow, the side 
where a layer structure is provided which eventually con- 
tacts with a positive electrode is sometimes referred to 
as p-side, and the side where a layer structure is provided 
which eventually contacts with a negative electrode is 
sometimes referred to as n-side. 

[0014] Further, in the present invention, a nitride sem- 
iconductor in a broad sense means a nitride of a Group 
III element or elements of the Periodic Table, and more 
specifically a nitride semiconductor represented by 
I n x Al y Ga 1 _ x _ y N, where 0 < x < 1 , 0 < y < 1 , and 0 < x + y < 1 . 
[0015] This invention can be more fully understood 
from the following detailed description when taken in con- 
junction with the accompanying drawings, in which: 

FIG. 1 illustrates energy bands corresponding to the 
layer structure of a conventional LD device; 
FIG. 2 is a sectional view schematically illustrating 
an LD device according to a first embodiment of the 
present invention; 

FIG. 3 is a sectional view schematically illustrating 
an LD device according to a second embodiment of 
the present invention; 

FIG. 4 is a sectional view schematically illustrating 
an LD device according to a third embodiment of the 
present invention; 

FIG. 5 illustrates energy bands corresponding to the 
device structure of FIG. 4; and 
FIG. 6 is a sectional view schematically illustrating 
an LD device according to a fourth embodiment of 
the present invention. 

[001 6] The present inventors have examined the phe- 
nomenon of the reduction in the light-emitting efficiency 
which is associated with the rise in temperature of a ni- 
tride semiconductor device having an indium-containing 
active layer. As a result, they have found that such re- 
duction in the light-emitting efficiency is primarily caused 
by the fact that an indium-containing nitride semiconduc- 
tor, particularly InGaN, is more difficult to grow in com- 
parison with an aluminum-containing nitride semicon- 
ductor or gallium nitride (GaN). That is, the decomposi- 
tion temperatures of InN and GaN, which constitute In- 
GaN, largely differ from each other, and thus InGaN tends 



to be subjected to phase-separation into InN and GaN. 
Therefore, an increase in indium content makes it difficult 
to obtain an active layer having a uniform composition. 
For these reasons, the content of indium in an InGaN 
5 semiconductor that forms an active layer tends to be sup- 
pressed to a low level in a conventional semiconductor 
device. 

[0017] In the case where a light-guiding layer of GaN 
is formed in contact with the InGaN active layer having 

10 such a low indium content, the band offset between the 
active layer and the guiding layer becomes extremely 
small. This will be explained with reference to FIG. 1 
which illustrates energy bands corresponding to a con- 
ventional nitride semiconductor light-emitting device. As 

15 illustrated in FIG. 1 , in the case of a conventional nitride 
semiconductor device, the band gap energy of the light- 
guiding layers (GaN) that directly sandwich InGaN active 
layer is not so large relative to the band gap energy of 
the active layer (InGaN) (because of the low In content 

20 of InGaN, the InGaN composition approaches GaN). Be- 
cause of this, when the applied current is increased and 
the device temperature rises, before the electrons and 
the holes, which are injected into the active layer from 
the n-type layer and the p-type layer, respectively, re- 

25 combine to emit light (hv), the thermal energy causes the 
electrons and the holes to overflow the active layer to 
reach, respectively, the guiding layers (GaN) located on 
a side opposite to the side of the injection, that is, the 
electrons reach the p-type light-guiding layer and the 

30 holes reach the n-type light-guiding layer. As a result, the 
light-emitting efficiency is low and particularly the effi- 
ciency decreases as the temperature rises. 
[0018] Therefore, in the nitride semiconductor device 
of the present invention, two first layers (the first p-side 

35 layer and the first n-side layer), which are provided to 
adjoin and sandwich an active layer comprising an indi- 
um-containing nitride semiconductor, are made of a ni- 
tride semiconductor having a larger band gap energy 
than that of the active layer. Preferably, the two first layers 

40 have a band gap energy which is larger than that of the 
active layer by 0.01 - 4.05 eV. Because of the presence 
of the first layers having such a large band gap energy, 
the electrons or holes, which are injected into the active 
layer, do not overflow the active layer. On each of the 

45 first layers, there is provided a second layer (a second 
p-side layer or a second n-side layer) which is preferably 
provided to adjoin the first layer. The second layers have 
each a band gap energy smaller than that of the first 
layer, but preferably larger than that of the active layer. 

50 Preferably, the second layers have a band gap energy 
which is smaller than the first layer by 0.01 - 4.05 eV. On 
each of the second layers, there is provided a third layer 
(a third p-side layer or a third n-side layer) which is pref- 
erably formed to adjoin the second layer. The third layers 

55 have each a band gap energy larger than that of the sec- 
ond layer. Preferably, the third layers have a band gap 
energy which is larger than that of the second layer by 
0.01 - 4.05 eV. The electrons or holes which are injected 
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from the third layer side will be effectively injected into 
the second layers having a smaller band gap energy but 
are unlikely to be injected into the active layer because 
of the larger band gap energy of the first layers. In the 
present invention, it is therefore preferable that the first 
layer has athickness sufficiently thin so that the electrons 
or holes, i.e., carriers, can pass therethrough due to a 
tunneling effect (tunneling). Thus, the electrons or holes 
will be effectively injected from the third layers into the 
active layer. As a result, in the device of the present in- 
vention, the electrons or holes will be effectively injected 
from the third layers into the active layer and will not over- 
flow the active layer because they are blocked by the first 
layers present on a side opposite to the side of the injec- 
tion, even if the device temperature rises. 
[0019] As will be apparent from the above description, 
the three-layer structure, comprising the first, second and 
third layers, can prevent the overflow of the carriers, i.e., 
the electrons or holes, if the three-layer structure is pro- 
vided on one of the p- and n-sides of the active layer. 
Most preferably, the three-layer structure is provided on 
both sides (p-side and n-side) of the active layer. 
[0020] The present invention will now be explained 
with reference to FIGS. 2 to 6. Throughout these Figures, 
the same elements or members are indicated with the 
same reference numerals. 

[0021] FIG. 2 is a sectional view schematically illus- 
trating an LD device according to a first embodiment of 
the present invention. In this LD device, the three-layer 
structure of the present invention is provided on the p- 
side of an active layer. 

[0022] The LD device of FIG. 2 has a nitride semicon- 
ductor laminate structure on a substrate 11 through a 
buffer layer 1 2. The laminate structure includes an n-type 
contact layer 13 on the buffer layer 12, an n-type carrier 
confinement layer (light confinement layer) 1 4, an n-type 
light-guiding layer 15, an active layer 16, a first p-side 
nitride semiconductor layer 101 having a band gap en- 
ergy larger than that of the active layer 16, a second p- 
side nitride semiconductor layer 102 having a band gap 
energy smaller than that of the first p-side nitride semi- 
conductor layer, a third p-side nitride semiconductor layer 
103 having a band gap energy larger than that of the 
second p-side nitride semiconductor layer 1 02, and a p- 
type contact layer 1 7. A current-restricting layer 1 8, which 
has a contact hole 1 8a therein, is provided on the p-type 
contact layer 17. A negative electrode 19 is provided on 
the exposed surface of the n-type contact layer 1 3, while 
a positive electrode 20 is provided on the current-restrict- 
ing layer 1 8. The positive electrode 20 contacts with the 
p-type contact layer 17 through the contact hole 18a of 
the current-restricting layer 18. 

[0023] The substrate 1 1 may be made of any ordinary 
material suitable for growing nitride semiconductors ther- 
eon, including spinel (MgAI 2 0 4 ), sapphire (Al 2 0 3 , includ- 
ing A, R and C surfaces), SiC (including 6H, 4H and 3C), 
ZnS, ZnO, GaAs and GaN. 

[0024] The buffer layer 1 2 can be formed of AIN, GaN, 



AIGaN or the like. It can be formed at a temperature not 
higher than 900 °C to have a thickness in the range of 
tens of angstroms to hundreds of angstroms. The buffer 
layer is formed in order to alleviate the lattice mismatch 

5 between the substrate 1 1 and an nitride semiconductor 
layer to be formed thereon. Therefore, the buffer layer 
1 2 may be omitted in the case where a substrate is used 
which has a lattice matched with that of the nitride sem- 
iconductor or in the case where a substrate is used which 

to has a lattice constant approximate to that of the nitride 
semiconductor or otherwise depending on the method of 
growing the nitride semiconductor. 
[0025] The n-type contact layer 1 3 is formed of a nitride 
semiconductor, and preferably of GaN or ln a Ga-|_ a N (0 < 

15 a < 1 ). (In this specification, a nitride semiconductor rep- 
resented by IngGa^gN (0 < a < 1 ) or a similar expression 
is sometimes referred to simply as InGaN.) The use of 
Si-doped GaN as the n-type contact layer 13 results in 
an n-type layer which has a higher carrier concentration 

20 and which establishes a preferable ohmic contact with 
the negative electrode 19, thus enabling to decrease a 
threshold current for the laser device. Although the thick- 
ness of the n-type contact layer 1 3 is not particularly lim- 
ited, the thickness usually ranges from 0.1 to 5 |mm. 

25 [0026] The negative electrode formed on the surface 
of the n-type contact layer 1 3 that is exposed by etching 
is preferably formed of a metallic material such as Al, Ti, 
W, Cu, Zn, Sn or In and an alloy thereof. These metallic 
material may establish a preferable ohmic contact with 

30 the n-type contact layer 13. 

[0027] The n-type carrier confinement layer 1 4 and the 
n-type light-guiding layer 15 formed on the layer 14 are 
each formed of an n-type nitride semiconductor. In the 
embodiment of FIG. 2, the n-type carrier confinement 

35 layer 1 4 is preferably formed of an aluminum-containing 
nitride semiconductor and more preferably of Al^a^N 
(0 < b < 1 ), while the n-type light-guiding layer 1 5 is pref- 
erably formed of an indium-containing n-type nitride sem- 
iconductor or an n-type GaN, i.e., ln c Ga 1 _ C N (0 < c < 1 ). 

io The preferred thickness of the n-type carrier confinement 
layer 14 usually ranges from 0.1 to 1 |mm, while the pre- 
ferred thickness of the n-type guiding layer 15 normally 
ranges from 100 angstroms to 1 |mm. 
[0028] The active layer 1 6 provided on the n-type light- 

45 guiding layer 15 has a quantum well structure (i.e., a sin- 
gle-quantum well (SQW) structure or a multi-quantum 
well (MQW) structure). The quantum well structure has 
a well layer or layers formed of an indium-containing ni- 
tride semiconductor, i.e., ^AleGa^^N (0 < d < 1, 0 < 

50 e < 1 , 0 < d+e < 1 ) which has a band gap energy smaller 
than that of the n-type light-guiding layer 1 5 and than that 
of the first p-side nitride semiconductor layer 101. Pref- 
erably, the well layer is formed of a ternary mixed crystal 
InfG^fN (0 < f < 1). A ternary mixed crystal InGaN pro- 

55 vides a layer having a better crystallinity and therefore 
enhanced light-emitting output power, relative to a quad- 
ripartite mixed crystal. 

[0029] Particularly, it is preferred that the active layer 
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1 6 is of an MQW structure made by alternately laminating 
a well layer formed of InGaN and a barrier layer formed 
of a nitride semiconductor having a larger band gap en- 
ergy than that of the well layer (the MQW structure has 
3 layers at minimum). In the present invention, an MQW 
structure may be the one which has a well layer, as a 
lowermost layer of the structure, in contact with an n-type 
layer such as the n-type light-guiding layer 15, and has 
a well layer, as an uppermost layer of the structure, in 
contact.with a p-type layer such as the first p-side layer 
101, or may be the one which has a barrier layer, as a 
lowermost layer of the structure, in contact with an n-type 
layer such as the n-type light-guiding layer 15, and has 
a barrier layer, as an uppermost layer of the structure, in 
contact with a p-type layer such as the first p-side layer 
101. 

The nitride semiconductor that forms the barrier layer 
includes GaN, AIGaN or the like. However, it is particu- 
larly preferred that the barrier layer be formed of a ternary 
mixed crystal ln f ,Ga 1 _ f ,N (0 < f < 1 providing f < f) as in 
the case of the well layer. If the active layer 1 6 takes an 
MQW structure made by laminating InGaN layers having 
different band gap energy, a high-output power LD device 
can be realized which emits light of about 365 nm to 660 
nm based on the emission between quantum levels by 
changing an indium mole fraction of the active layer, 
and/or by changing an aluminum mole fraction of the first 
or third n-side or p-side nitride semiconductor layer. Be- 
sides, the lamination, to the well layer, of an InGaN barrier 
layer which has a softer crystal than that of AIGaN and 
therefore can make a clad layer, e.g., AIGaN layer, that 
will be superimposed thereon, thicker and crack-free, 
makes it possible to realize an excellent laser oscillation. 
[0030] In the case of an MQW structure, it is particularly 
desirable that the thickness of the well layer is not greater 
than 70 angstroms and the thickness of the barrier layer 
is not greater than 150 angstroms. Meanwhile, it is par- 
ticularly desirable that the thickness of an active layer of 
a SQW structure formed by a single quantum-well layer 
is not greater than 70 angstroms. It is preferred that each 
of the well and barrier layers has a thickness of 5 ang- 
stroms or more. 

[0031 ] The active layer 1 6 may be of a type that is not 
doped with an impurity or dopant (non-doped), or may 
be of a type which has the well layer and/or barrier layer 
doped with an impurity or dopant, i.e., an acceptor impu- 
rity and/or a donor impurity. Of the impurity-doped active 
layer, a silicon-doped one is particularly preferred. When 
Si is doped in the active layer, a threshold current tends 
to be lowered in an LD device. The doping of Si can be 
effected by adding an organosilicon gas such as tetrae- 
thylsilane, a silicon hydride gas such as silane and/or a 
silicon halide gas such as silicon tetrachloride to a raw 
material gas which grows a nitride semiconductor that 
forms the active layer. 

[0032] The first p-side nitride semiconductor layer 101, 
which is provided to adjoin the active layer 1 6, is formed 
of a nitride semiconductor having aband gap energy larg- 



er than that of the active layer 1 6 (or more strictly, its well 
layer). Most preferably, the first nitride semiconductor 
layer is formed of an aluminum-containing nitride semi- 
conductor, i.e., IngA^Ga^g^N (0<g<1,0<h<1,0< 
5 g+h < 1 ) and is most preferably formed of a ternary mixed 
crystal A^Ga^N (0 < j < 1). (In this specification, a nitride 
semiconductor represented by AljGa^N (0 < j < 1) or a 
similar expression is sometimes referred to simply as AI- 
GaN.) 

10 [0033] The first p-side nitride semiconductor layer 1 01 
is preferably of i-type or p-type. By use of AIGaN in par- 
ticular, it is easier to obtain a p-type having a high carrier 
concentration. In addition, by forming such an AIGaN lay- 
er to adjoin the active layer 16 comprising a well layer 

15 containing InGaN, it is possible to obtain a device having 
a high-level emission output power. 
[0034] In the present invention, a p-type nitride semi- 
conductor including the one forming the active layer 16 
can be obtained by doping it with an acceptor impurity, 

20 such as Mg, Zn, C, Be, Ca or Ba, or a mixture thereof 
during a crystal growing process. Preferably the concen- 
tration of the acceptor impurity is 1 x 10 17 to 1 x 
10 22 /cm 3 . When the acceptor impurity is magnesium, it 
is preferably doped at a concentration of 1 x 10 18 to 1 

25 x 10 20 /cm 3 , and more preferably 1 x 10 19 to 1 x 
10 20 /cm 3 . In any case, in order to obtain a p-type layer 
having a high-level carrier concentration, it is desirable 
to conduct an annealing treatment (heat treatment) at a 
temperature not lower than 400 °C in an inert gas envi- 

30 ronment after doping with an acceptor impurity. Normally, 
the annealing treatment makes it possible to obtain a 
carrier concentration of 1 x 10 17 to 1 x 10 19 /cm 3 in the 
case of an Mg-doped p-type AIGaN. Meanwhile, the 
preparation of an i-type nitride semiconductor can be 

35 conducted, for example, by growing AljGa^N, where j is 
not less than 0.5, without doping with an acceptor impu- 
rity. Alternatively, an i-type nitride semiconductor can be 
prepared by doping a p-type nitride semiconductor with 
a donor impurity in an amount that compensates the hole 

^o carrier concentration or by doping an n-type nitride sem- 
iconductor with an acceptor impurity in an amount that 
compensates the electron carrier concentration. 
[0035] It is particularly preferred that the first p-side 
nitride semiconductor layer 1 01 be sufficiently thin so that 

45 the carriers (hole carriers) can tunnel through it. More 
specifically, it is preferred that the thickness of the first 
p-side nitride semiconductor layer 1 01 is not greater than 
0. 1 lutm, preferably not greater than 0.05 |mm (not greater 
than 500 angstroms) and most preferably not greater 

50 than 0.03 /mm (not greater than 300 angstroms). If the 
thickness of the first nitride semiconductor layer 101 is 
in the above-mentioned range, the formation of crack in 
the first p-side nitride semiconductor layer 101 is pre- 
vented and a nitride semiconductor layer can be grown 

55 which has an excellent crystallinity. Besides, as the pro- 
portion of A1 increases and as the thickness decreases 
in AIGaN, the laser oscillation thereof becomes easier. 
For example, when using AljGa^jN, where j is not less 
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than 0.2, the thickness of the first p-side nitride semicon- 
ductor layer 101 is preferably not greater than 500 ang- 
stroms. Although no lower limit is set to the thickness of 
the first p-side nitride semiconductor layer 1 01 , prefera- 
bly the thickness is not less than 10 angstroms. 
[0036] The second p-side nitride semiconductor layer 
1 02 has a band gap energy smaller than that of the first 
p-side nitride semiconductor layer 101, but preferably 
larger than that of the active layer 1 6, and is provided at 
a location more distant from the active layer relative to 
the first p-side nitride semiconductor layer 1 01 . Most pref- 
erably, the second p-side nitride semiconductor layer 1 02 
is formed to adjoin the first p-side nitride semiconductor 
layer 101, as shown in FIG. 2. The second p-side nitride 
semiconductor layer 102 is formed preferably of 
In^a^N (0 < k < 1 ) and most preferably of GaN or In- 
GaN. If the second p-side nitride semiconductor layer 

1 02 is formed of GaN or InGaN, the resulting second p- 
side semiconductor layer 1 02 is almost crack-free and 
has an excellent crystallinity even when the layer is rel- 
atively thick. The thickness of the second p-side nitride 
semiconductor layer 1 02 is preferably in the range of 0.01 
to 5 juun and most preferably in the range of 0.02 to 1 lutm, 
which range enables the second p-side nitride semicon- 
ductor layer 1 02 to function, for example, as a desirable 
light-guiding layer. Besides, the second p-side nitride 
semiconductor layer 102 contains an acceptor impurity 
and is preferably of a p-type. 

[0037] In addition, the second p-side nitride semicon- 
ductor layer 1 02, particularly the one formed of InGaN or 
GaN, functions also as a buffer layer which is useful for 
growing thereon the third p-side nitride semiconductor 
layer 1 03, as described hereinbelow. In comparison with 
AIGaN, InGaN or GaN is a softer crystal. Accordingly, by 
the presence of the second p-side nitride semiconductor 
layer 1 02, formed of InGaN or GaN, between the first p- 
side nitride semiconductor layer 101 having a band gap 
energy greater than that of the active layer 16 and the 
third p-side nitride semiconductor layer 1 03, it is possible 
to make the third p-side nitride semiconductor layer 1 03 
crack-free and therefore thicker than the first p-side ni- 
tride semiconductor layer 101. 

[0038] The third p-side nitride semiconductor layer 1 03 
has a band gap energy larger than that of the second p- 
side nitride semiconductor layer 102 and is formed at a 
location more distant from the active layer relative to the 
second p-side nitride semiconductor layer 102. Most 
preferably, the third p-side nitride semiconductor layer 

103 is formed to adjoin the second p-side nitride semi- 
conductor layer 1 02, as shown in FIG. 2. The third p-side 
nitride semiconductor layer 103 is formed preferably of 
an aluminum-containing nitride semiconductor, i.e., 
In^l^a^^N (0<m<1,0<n<1,0< m+n < 1 ) and 
most preferably of an AIGaN ternary mixed crystal. 
[0039] The third p-side nitride semiconductor layer 1 03 
is required to have a band gap energy larger than that of 
the second p-side nitride semiconductor layer 102. This 
is because the third p-side nitride semiconductor layer 



1 03 functions as a carrier confinement and light confine- 
ment layer. The thickness of the third p-side nitride sem- 
iconductor layer 1 03 is preferably in the range of 0.01 to 
2 iuliti and most preferably in the range of 0.05 to 1 ^m, 

5 which range enables the third p-side nitride semiconduc- 
tor layer 103 to function as a carrier confinement layer 
having an excellent crystallinity. Besides, the third p-side 
nitride semiconductor layer 1 03 contains an acceptor im- 
purity and is preferably of a p-type. 

w [0040] The p-type contact layer 17, provided on the 
third p-side nitride semiconductor layer 1 03, is formed of 
a p-type nitride semiconductor. Particularly, the use of 
InGaN or GaN, particularly Mg-doped p-type GaN, as the 
p-type contact layer 1 7, results in a p-type layer which 

15 has the highest carrier concentration and establishes a 
good ohmic contact with the positive electrode 20, thus 
enabling to decrease a threshold current. 
[0041] The positive electrode 20 is preferably formed 
of a metallic material including a metal having a relatively 

20 high work function such as Ni, Pd, Ir, Rh, Pt, Ag or Au 
and an alloy thereof, in order to obtain an ohmic contact. 
[0042] The current-restricting layer 1 8 is formed of an 
electrically insulating material and preferably of silicon 
dioxide. This current-restricting layer 1 8 may be omitted. 

25 [0043] Meanwhile, in FIG. 2, the n-type carrier confine- 
ment layer 14 is provided on the n-type contact layer 13 
through a crack preventing layer 30. 
[0044] That is, an aluminum-containing nitride semi- 
conductor tends to form cracks in the crystal when the 

30 crystal is grown to have a large thickness. Particularly, it 
is difficult to grow a thick layer of an n-type aluminum- 
containing nitride semiconductor directly on an n-type 
GaN or AIGaN layer without the formation of crack. For 
example, it is difficult to form an n-type layer, which is 

35 comprised of an aluminum-containing nitride semicon- 
ductor, particularly AIGaN, and which is exemplified by 
the n-type carrier confinement layer 14 requiring such a 
large thickness as 0.1 jutm or more, on the n-type contact 
layer 13 formed, for example, of an n-type GaN or the 

40 like. Therefore, firstly an n-type layer, which is comprised 
of an indium-containing nitride semiconductor and pref- 
erably of InpGa^pN (0 < p < 1), is formed as a crack 
preventing layer 30 on the n-type contact layer 13, and 
then an n-type carrier confinement layer 14 is formed 

45 which is comprised of an n-type aluminum-containing ni- 
tride semiconductor. Owing to the presence of the crack 
preventing layer 30, the n-type carrier confinement layer 
14 can be grown to a desired thickness (for example 0.1 
jam or more). The thickness of the crack preventing layer 

50 30 is preferably in the range of 1 00 angstroms to 0.5 |mm. 
[0045] Accordingly, the present invention provides a 
nitride semiconductor device including a first n-type layer 
which is formed of an n-type aluminum-containing nitride 
semiconductor or n-type gallium nitride, and a second n- 

55 type layer which is formed of an aluminum-containing n- 
type nitride semiconductor, wherein the device has athird 
n-type layer which is formed of an indium-containing n- 
type nitride semiconductor and which is provided be- 
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tween the first n-type layer and the second n-type layer. 
The third n-type layer may be present anywhere between 
the first n-type layer and the second n-type layer and 
does not need to adjoin any of the first n-type layer and 
the second n-type layer. 

[0046] FIG. 3 is a sectional view schematically illus- 
trating a nitride semiconductor LD device according to a 
second embodiment of the present invention, where the 
same reference numerals indicates the same elements 
or members as in FIG. 2. With reference to FIG. 3, the 
LD device has a nitride semiconductor structure formed 
on the substrate 1 1 through the buffer layer 1 2. The struc- 
ture includes the n-type contact layer 13, the crack pre- 
venting Iayer30, athird n-side nitride semiconductor203, 
a second n-side nitride semiconductor layer 202, a first 
n-side nitride semiconductor layer 201, the active layer 
16, a p-type light-guiding layer 31, a p-type carrier con- 
finement layer (light confinement layer) 32, the p-type 
contact layer 1 7 and the current-restricting layer 1 8. The 
negative electrode 19 is electrically connected to the n- 
type contact layer 13 and the positive electrode 20 is 
electrically connected to the p-type contact layer 17, as 
in FIG. 2. 

[0047] In the LD device of FIG. 3, the first n-side nitride 
semiconductor layer 201 , the second n-side nitride sem- 
iconductor layer 202 and the third n-side nitride semicon- 
ductor layer 203, with the exception of the type of electric 
conduction, are basically identical with the corresponding 
first p-side nitride semiconductor layer 101, second p- 
side nitride semiconductor layer 1 02 and third p-side ni- 
tride semiconductor layer 1 03, respectively, as explained 
with reference to FIG. 2 in terms of band gap energies, 
nitride semiconductor materials used and thickness, ex- 
cept for the conductivity type. In addition, what is men- 
tioned of the preferred material, preferred thickness and 
the like about the first p-side nitride semiconductor layer 
101, the second p-side nitride semiconductor layer 102 
and the third p-side nitride semiconductor layer 103 is 
applicable to the first n-side nitride semiconductor layer 
201, the second n-side nitride semiconductor layer 202 
and the third n-side nitride semiconductor layer 203, re- 
spectively. 

[0048] To reiterate briefly, the first n-side nitride sem- 
iconductor layer 201 , provided to adjoin the active layer 
16, is formed of a nitride semiconductor layer having a 
band gap energy larger than that of the active layer 16 
(more strictly, its well layer). Most preferably, the first n- 
side nitride semiconductor layer 201 is formed of an alu- 
minum-containing nitride semiconductor layer and espe- 
cially preferably of an AIGaN ternary mixed crystal. 
[0049] The first n-side nitride semiconductor layer 201 
is also sufficiently thin so that the carriers (electron car- 
riers) can tunnel through it. More specifically, the thick- 
ness of the first nitride semiconductor layer 201 is not 
greater than 0.1 |mm, preferably not greater than 0.05 |nm 
(not greater than 500 angstroms) and most preferably 
not greater than 0.03 lutm (not greater than 300 ang- 
stroms). It is also preferred that the thickness of the first 



n-side nitride semiconductor layer 201 be not less than 
1 0 angstroms. 

[0050] The first n-side nitride semiconductor layer 201 
is preferably of n-type or i-type. 

5 [0051] In the present invention, although an n-type ni- 
tride semiconductor may be obtained without doping with 
an impurity, i.e., in a non-doped state, a desirable n-type 
can be obtained by doping with a donor impurity such as 
Si, Ge, Sn, S or a combination thereof during the growth 

10 of crystal. In this case, the concentration of the donor 
impurity is preferably 1 x 10 16 to 1 x 10 22 /cm 3 . In par- 
ticular, Si is more preferably doped at a concentration of 
1 x 10 17 to 1 x 10 21 /cm 3 . most preferably 1 x 10 18 to 
1 x 1 0 20 /cm 3 . 

15 [0052] The second n-side nitride semiconductor layer 
202 has a band gap energy smaller than that of the first 
n-side nitride semiconductor layer 201, but preferably 
larger than that of the active layer 1 6, and is formed at a 
location more distant from the active layer relative to the 

20 first n-side nitride semiconductor layer 201 . Most prefer- 
ably, the second n-side nitride semiconductor layer 202 
is provided to adjoin the first n-side nitride semiconductor 
layer 201 , as shown in FIG. 3. The second n-side nitride 
semiconductor layer 202 is formed preferably of 

25 i^Ga^N (0 < k < 1 ) and most preferably of GaN or In- 
GaN. The thickness of the second n-side nitride semi- 
conductor layer 202 is preferably in the range of 0.01 to 
5 /tm and most preferably in the range of 0.02 to 1 /tm, 
which range enables the second n-side nitride semicon- 

30 ductor layer 202 to function, for example, as a desirable 
light-guiding layer. The second n-side nitride semicon- 
ductor layer 202 is of an n-type. As is explained with 
reference to FIG. 2, the second p-side nitride semicon- 
ductor layer 102 functions as a buffer layer to cause the 

35 third p-side nitride semiconductor layer 1 03 to grow ther- 
eon as a relatively thick layer. Likewise, the second n- 
side nitride semiconductor layer 202 functions as a buffer 
layer to grow the first n-side nitride semiconductor layer 
201 , but the function as a buffer layer is not so important 

40 because the first n-side nitride semiconductor layer 201 
is thin. 

[0053] In order to function as acarrier confinement and 
light confinement layer, the third n-side nitride semicon- 
ductor 203 also has a band gap energy larger than that 

45 of the second n-side nitride semiconductor layer 202 and 
is formed at a location more distant from the active layer 
16 relative to the second n-side nitride semiconductor 
layer 202. Most preferably, the third n-side nitride semi- 
conductor layer 203 is formed to adjoin the second n- 

50 side nitride semiconductor layer 202, as shown in FIG. 
3. The third n-side nitride semiconductor layer 203 is also 
formed preferably of an aluminum-containing nitride 
semiconductor and most preferably of an AIGaN ternary 
mixed crystal. The thickness of the third n-side nitride 

55 semiconductor layer 203 is also preferably in the range 
of 0.01 to 2 jam and most preferably in the range of 0.05 
to 1 jum, which range enables the third n-side nitride sem- 
iconductor layer 203 to have an excellent crystallinity and 
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to function as a carrier confinement and light confinement 
layer. The third n-side nitride semiconductor layer 203 is 
of an n-type. The third n-side nitride semiconductor layer 
203, which is preferably comprised of an aluminum-con- 
taining nitride semiconductor, is formed on an n-type con- 
tact layer 13, which is preferably comprised of GaN, 
through the crack preventing layer 30. 
[0054] The p-type light-guiding layer 31 and the p-type 
carrier confinement layer (light confinement layer) 32 are 
each formed of a p-type nitride semiconductor. The p- 
type carrier confinement layer (light confinement layer) 
32 has a band gap energy larger than that of the p-type 
light-guiding layer 31 which has a band gap energy larger 
than that of the active layer 1 6. 

[0055] FIG. 4 illustrates a nitride semiconductor LD de- 
vice which has a three-layer laminate structure of the 
present invention on each of p-side and n-side of an ac- 
tive layer and which is presently the most preferred em- 
bodiment. Referring to FIG. 4, the LD device has a nitride 
semiconductor structure on the substrate 1 1 through a 
buffer layer 1 2. The structure includes the n-type contact 
layer 13, the crack preventing layer 30, the third n-side 
nitride semiconductor layer 203, the second n-side nitride 
semiconductor layer 202, the first n-side nitride semicon- 
ductor layer 201 , the active layer 1 6, the first p-side nitride 
semiconductor layer 1 01 , the second p-side nitride sem- 
iconductor layer 1 02, the third p-side nitride semiconduc- 
tor layer 1 03 and the p-type contact layer 1 7. The current- 
restricting layer 1 8 with the contact hole 1 8a is provided 
on the p-type contact layer 17. The negative electrode 

1 9 is provided on the exposed surface of the n-type con- 
tact layer 13, while the positive electrode 20 is provided 
on the current-restricting layer 1 8. The positive electrode 

20 is connected to the p-type contact layer 17 through 
the contact hole 18a of the current-restricting layer 18. 
The elements constituting the device of FIG. 4 are iden- 
tical with those explained with reference to FIGS. 2 and 3. 
[0056] The nitride semiconductor layers constituting 
the device of the present invention can be preferably 
grown by means of a metalorganic vapor phase epitaxial 
growth (MOVPE) method. However, the nitride semicon- 
ductor layers can also be grown by conventional other 
methods including a hydride vapor phase epitaxial 
growth (HDVPE) method and a molecular beam vapor 
phase epitaxial growth (MBE) method. 

[0057] FIG. 5 illustrates energy bands of an LD device 
shown in FIG. 4 in which the active layer has an MQW 
structure. As illustrated in FIG. 5, in the case of the LD 
device of a double-heterostructure of the present inven- 
tion, the first p-side nitride semiconductor layer 101 and 
the first n-side nitride semiconductor layer 201 are pro- 
vided to adjoin the active layer 1 6 which comprises an 
indium-containing nitride semiconductor. That is, the two 
first nitride semiconductor layers 1 01 and 201 , each hav- 
ing a band gap energy larger than that of the active layer 
1 6 (more strictly, its well layer) and also larger than that 
of the second n-side nitride semiconductor layer 1 02 and 
that of the second p-side nitride semiconductor layer 202, 



are provided to adjoin the active layer 16. Since these 
two first nitride semiconductor layers 101 and 201 are 
thin and therefore they have no function as a barrier 
against the carriers, the electron carriers, which are in- 

5 jected into the second n-side nitride semiconductor layer 
202 from the third n-side nitride semiconductor layer 203, 
and the hole carriers, which are injected into the second 
p-side nitride semiconductor layer 102 from the third p- 
side nitride semiconductor layer 1 03, can tunnel through 

10 the first n-side nitride semiconductor layer 201 and the 
first p-side nitride semiconductor layer 1 01 , respectively, 
and recombine efficiently at the active layer 16 to emit 
light (hv). 

[0058] Since the band gap energies of first nitride sem- 
15 iconductor layers 101 and 201 are sufficiently large, the 
injected carriers are blocked by the first nitride semicon- 
ductor layers 1 01 and 201 and do not overflow the active 
layer 16. As a result the electron and hole carriers are 
effectively accumulated in the active layer 16, thus ena- 
20 bling an efficient emission of light, even if the device tem- 
perature rises or the injection current density increases. 
Accordingly, the nitride semiconductor device of the 
present invention realizes an LD device characterized by 
little reduction of the light emission efficiency even in the 
25 case where the device temperature rises and also by a 
low threshold current (density). 

[0059] The present inventors have made a close study 
on the active layer in the device of the present invention 
and particularly on the active layer having a well layer 

30 formed of a nitride semiconductor containing indium and 
gallium. As a result, they have found that, when growing, 
e.g., InGaN,, the indium content does not becomes uni- 
form throughout the grown InGaN layer depending on 
conditions, and, thus, indium-rich regions or phases and 

35 indium-poor regions or phases are formed. Electron and 
hole carriers are localized in the indium-rich regions thus 
formed to emit light based on exciton or bi-exciton. That 
is, the indium-rich regions constitute quantum dots or 
quantum boxes. In order for an InGaN well layer to form 

40 such quantum dots or quantum boxes, it has been found 
necessary that, as in the devices already explained with 
reference with FIGS. 2 - 4, the well layer be formed on 
an underlying nitride semiconductor layer such as n-type 
nitride semiconductor layer (aluminum-containing nitride 

45 semiconductor layer 15 or 201) in a state lattice-mis- 
matched with the underlying layer and have a thickness 
not greater than 70 angstroms. Such a well layer can be 
conveniently provided by growing a well-forming nitride 
semiconductor layer on the n-type nitride semiconductor 

50 layer and allowing the grown layer to stand for a short 
period of time, preferably., 2 to 20 seconds before grow- 
ing an additional nitride semiconductor layer thereon. 
The additional layer that is to be formed on the active 
layer having the well layer needs to contain an acceptor 

55 impurity. An LD device, which has the above-mentioned 
structure, has a threshold current lower than that of a 
usual quantum well structure laser and can have a higher 
characteristic temperature. 
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[0060] Accordingly, the present invention provides a 
nitride semiconductor device comprising a first clad layer 
comprising-an n-type nitride semiconductor; an active 
layer of a quantum well structure (SQW or MQW struc- 
ture) provided on the first clad layer, said active layer 
comprising a nitride semiconductor containing indium 
and gallium and having at least one well layer having a 
thickness not greater than 70 angstroms, wherein said 
well layer is placed on an underlying layer in a state lat- 
tice-mismatched with the underlying layer and includes 
a plurality of indium-rich regions and indium-poor re- 
gions; and a second clad layer which is provided on the 
active layer and comprises a nitride semiconductor 
doped with an acceptor impurity. The underlying layer 
refers to the first clad layer itself such as an n-type sem- 
iconductor layer, e.g., the aluminum-containing nitride 
semiconductor layer 15 or 201 as in the devices ex- 
plained with reference to FIGS. 2 to 4, a barrier layer 
provided on the first clad layer, or a barrier layer on which 
a well layer is formed. FIG. 6 schematically or notionally 
illustrates such a device, in which the active layer has a 
SQW structure for the sake of brevity. As shown in FIG. 
6, a quantum well layer (active layer) 54 provided to a 
thickness of 70 angstroms or less on a first clad layer 
comprising an n-type nitride semiconductor layer 52 in a 
state lattice- mis matched with the layer 52 is formed with 
InGaN in average, but constitutes indium-rich regions 
54a and gallium-rich regions (indium-poor regions) 54b 
by phase separation as explained above. More specifi- 
cally, the indium-rich regions 54a and the indium-poor 
regions each exist as dots or boxes which may have a 
size of 20 to 50 angstroms. Each indium-rich region 54a 
and each indium-poor region 54b are alternately ar- 
ranged substantially regularly in the plane direction of 
the well layer. On the active layer 54, a second clad layer 
56 formed of a nitride semiconductor doped with an ac- 
ceptor impurity. 

[0061] Naturally, it is preferable that the active layer 
having a well layer, which constitutes quantum dots or 
boxes, constitute the active layer 1 6 as explained with 
reference to FIGS. 2 - 4. The band gap energy of the 
phase-separated well layer is determined by an average 
semiconductor composition of such well layer, or the 
composition before the phase separation. 
[0062] The threshold current can be further decreased, 
in the case where the active layer having a well layer or 
layers, which constitute quantum dots or boxes, are 
doped with an acceptor impurity and/or donor impurity. 
[0063] The non-uniformity of the indium content in the 
plane of one well layer means that InGaN regions, which 
have different band gaps (i.e., indium-rich regions and 
indium-poor regions), exist in the plane direction of a sin- 
gle well layer. Therefore, the electrons, present in a con- 
ductive band, once drop into an indium-rich phase and 
recombine with holes, present in a valence electron band, 
to emit an energy of hv. In other words, electron carriers 
and hole carriers are localized in an indium-rich phase 
of the well layer to form localized exciton, thus decreasing 



the threshold current of laser and increasing the light 
emission output of laser. 

[0064] Where such a well layer is doped with a donor 
impurity and/or acceptor impurity, such as silicon, an ad- 

5 ditional energy level derived from impurity is formed be- 
tween a conductive band and a valence electron band. 
Therefore, the electron carriers drop into a deeper impu- 
rity-induced energy level, while the hole carriers move to 
a p-type impurity-induced level to cause the recombina- 

10 tion of the electron carriers and hole carriers, thus emit- 
ting a smaller energy of hv. This leads us to believe that 
electron carriers and hole carriers are further localized 
to produce further localized exciton, which decreases the 
threshold current of the laser device. In the present in- 

15 vention, an impurity or dopant doped in the well layer 
preferably includes silicon and germanium, particularly 
silicon. In particular, when silicon is doped, the threshold 
current tends to be further lowered. Meanwhile, an im- 
purity may be doped in a barrier layer, and in an active 

20 layer of an MQW structure, may be doped in one well 
layer only or in one barrier layer only. 
[0065] The present invention is explained by way of 
examples below. 

25 Example 1 

[0066] In this example, a nitride semiconductor LD de- 
vice having a structure as illustrated in FIG. 4 was fabri- 
cated. 

30 [0067] A sufficiently cleaned spinel substrate 11' 
(MgAI 2 0 4 ) was placed in a reaction vessel of an MOVPE 
apparatus, and the gas inside the vessel was fully re- 
placed with hydrogen. Then, under flowing hydrogen gas, 
the temperature of the substrate was raised to 1050°C 

35 to carry out the cleaning of the substrate. 

[0068] Then, the temperature was lowered to 510°C 
and a GaN buffer layer 12 was grown to a thickness of 
about 200 angstroms on the substrate 1 1 by using hy- 
drogen as a carrier gas and ammonia and trimethylgal- 

40 Hum (TMG) as a raw material gas. 

[0069] After the growth of the buffer layer, only TMG 
stream was stopped, and the temperature was raised to 
1 030 °C while flowing the ammonia gas. At 1 030 °C, TMG 
gas was added and, using silane gas (SiH 4 ) as a dopant 

45 gas, a Si-doped n-type GaN layer, as an n-type contact 
layer 1 3, was grown to a thickness of 4 juum. 
[0070] Then, the temperature was lowered to 800 °C 
and a crack-preventing layer 30 comprised of Si-doped 
ln 0i1 Ga 0>9 N was grown to a thickness of 500 angstroms 

50 by using TMG, TMI (trimethylindium) and ammonia as a 
raw material gas and using silane gas as an impurity gas. 
[0071] Then, the temperature was raised to 1030°C 
and, using trimethylaluminum (TMA), TMG and ammonia 
as a raw material gas and using silane gas as a dopant 

55 gas, a Si-doped n-type Al 0 2 Ga 0 8 N layer, as a third n- 
type contact layer 203, was grown to a thickness of 0.5 
jutm. 

[0072] Then, the temperature was lowered to 800 °C 
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and only TMA stream was stopped and a second n-type 
nitride semiconductor layer 202 comprised of Si-doped 
n-type GaN was grown to a thickness of 0.2 |mm. 
[0073] Then, the temperature was raised to 1050°C 
and a first n-type nitride semiconductor layer 201 com- 
prised of Si-doped Al 0 A Ga 0 9 N was grown to a thickness 
of 300 angstroms by using TMA, TMG and ammonia as 
a raw material gas and using silane gas as a dopant gas. 
[0074] Then, using TMG, TMI and ammonia as a raw 
material gas, an active layer 1 6 was grown in the following 
way. The temperature was kept at 800 ° C and a well layer 
comprised of non-doped ln 02 Ga 08 N was grown to a 
thickness of 25 angstroms. Then, by altering the TM I mo- 
lar ratio, a barrier layer comprised of non-doped 
ln 0 01 Ga 0 99 N was grown to a thickness of 50 angstroms 
at the same temperature. This series of operation was 
repeated twice and such well layer were laminated to 
form an active layer having a 7-layered MQW structure. 
[0075] Then, the temperature was raised to 1050°C 
and a first p-type nitride semiconductor layer 101 com- 
prised of Mg-doped p-type Al 0 ,iGa 0 9 N was grown to a 
thickness of 300 angstroms by using TMG, TMA ammo- 
nia and cyclopentadienyl magnesium (Cp 2 Mg). 
[0076] Then, at 1 050 ° C a second ptype nitride semi- 
conductor layer 1 02 comprised of Mg-doped p-type GaN 
was grown to a thickness of 0.2 jam by using TMG, am- 
monia and CP 2 Mg. 

[0077] Then, at 1050° C a third ptype nitride semicon- 
ductor layer 103 comprised of Mg-doped p-type 
Al 0 2 Ga 0 8 N was grown to a thickness of 0.5 by using 
TMG, TMA, ammonia and cyclopentadienyl magnesium 
(Cp 2 Mg). 

[0078] Finally, at 1050°C a ptype contact layer 17 
comprised of Mg-doped p-type GaN was grown to a thick- 
ness of 0.5 i±m. 

[0079] After the reactions, the temperature was low- 
ered to room temperature, and the wafer was taken out 
of the reaction vessel. The wafer was annealed at 700 °C 
to further decrease the resistance of the p-type layer. 
Then, from the topmost p-type contact layer 1 7, etching 
was performed to expose the surface of the n-type con- 
tact layer 1 3 in a form of a stripe. After the etching proc- 
ess, a current-restricting layer 18 comprised of silicon 
dioxide was formed on the p-type contact layer 17'and a 
contact hole 18a was formed therein. Then, a positive 
electrode 20, comprised of Ni and Au, was formed in a 
shape of stripe so that it contacts with the p-type contact 
layer 17 through the contact hole 18a of the current-re- 
stricting layer 1 8. On the other hand, a negative electrode 
19, comprised of Ti and Al, was formed in a shape of 
stripe. 

[0080] Then, the wafer was cut to produce a bar in a 
direction vertical to the stripe-shaped electrode, and the 
cut surface was polished to produce a parallel mirror, 
which was laminated alternatively with Si0 2 and Ti0 2 to 
form a dielectric multi-layered body. Finally, the bar was 
cut to produce a chip in a stripe form of 4 jam x 600 jam 
in a direction parallel to the electrode and the chip was 



used as a laser chip. The chip, thus obtained, was set to 
a heat sink and laser oscillation was conducted at room 
temperature. The found laser oscillation was at a wave- 
length of 400 nm, with a threshold pulse current density 
5 of 2 kA/cm 2 and T 0 (characteristic temperature) of 200K 
under pulsed current flow (pulse width of 10 jasec, duty 
ratio of 10%). 

[0081] Next, the device of the present invention was 
evaluated on the basis of the temperature dependence 

10 of the threshold current density. The threshold current 
density of LD, i.e., J th , is proportional to exp(T/T 0 ), where 
T is operating temperature (K) and T 0 is characteristic 
temperature (K). That is, the greater T 0 is, the lower the 
threshold current density even at a high temperature, 

15 thus leading to a stable operation. 

[0082] In the device of Example 1 , in the case where 
none of the first nitride semiconductor layers 101 and 
201 was formed, no laser oscillation was observed. In 
the case where one of the first nitride semiconductor lay- 

20 ers 101 and 201 was not formed, the LD device of the 
present invention exhibited J th = 3 kA/cm 2 and T 0 = 100 
K. The LD device of Example 1 having the first nitride 
semiconductor layers 101 and 201 of AljGa^N, where j 
is 0.1, gave J th = 2 kA/cm 2 and T 0 = 200K, as stated 

25 hereinbefore. However, the LD device of Example 1 hav- 
ing the first nitride semiconductor layers 101 and 201 of 
AljGa^jN, where j is 0.2, gave J th = 1 .5 kA/cm 2 and T 0 = 
300K, and the LD device of Example 1 having the first 
nitride semiconductor layers 101 and 201 of AljGa^N, 

30 where j is 0.3, gave J th = 1.4 kA/cm 2 and T 0 = 400K, 
thereby indicating the excellent temperature character- 
istics of the LD devices of the present invention. 

Example 2 

35 

[0083] An LD device of the present invention was fab- 
ricated as in Example 1 , except that the first n-side nitride 
semiconductor layer 201 was not grown. This LD device 
has the same structure as that of the LD device of FIG. 

^o 2 so that the n-type carrier confinement layer (light con- 
finement layer) 1 4 corresponds to the third n-side nitride 
semiconductor 203, while the n-type light-guiding layer 
1 5 corresponds to the second n-side nitride semiconduc- 
tor 202. This LD device exhibited the laser oscillation of 

45 wavelength of 400 nm with J th = 3 kA/cm 2 and T 0 = 1 00K. 

Example 3 

[0084] An LD device of the present invention was fab- 
50 ricated as in Example 1 , except that the first p-side nitride 
semiconductor layer 1 01 was not grown. This LD device 
has the same structure as that of the LD device of FIG. 
3 so that the p-type carrier confinement layer (light con- 
finement layer) 32 corresponds to the third p-side nitride 
55 semiconductor 103, while the p-type light-guiding layer 
31 corresponds to the second p-side nitride semiconduc- 
tor 102. This LD device exhibited the laser oscillation of 
wavelength of 400 nm with J th = 3 kA/cm 2 as in the case 
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of the LD of Example 2 and gave T 0 = 1 00K. 
Example 4 

[0085] An LD device of the present invention was fab- 
ricated as in Example 2, except that the active layer 16 
had asingle quantum-well structure formed of awell layer 
comprised of non-doped ln 0 2 Ga 0 8 N having a thickness 
of 50 angstroms and the first p-type nitride semiconductor 
layer 1 01 was formed of Al 0 3 Ga 0 7 N. This LD device ex- 
hibited the laser oscillation of wavelength of 41 0 nm with 
J th = 5 kA/cm 2 and T 0 = 50K. 

Example 5 

[0086] An LD device of the present invention was fab- 
ricated as in Example 1, except that the second n-type 
nitride semiconductor layer 202 was formed of Si-doped 
n-type ln 0 01 Ga 0 99 N and the second p-type nitride sem- 
iconductor layer 102 was formed of Mg-doped p-type 
ln 0 01 Ga 0 99 N. This LD device exhibited the same prop- 
erties as those of the LD device of Example 1 . 

Example 6 

[0087] An LD device of the present invention was fab- 
ricated as in Example 1, except that the well layer and 
barrier layer of the active layer were each doped with 
silicon, as a donor impurity, at a concentration of 1 x 
1 0 19 /cm 3 . This device exhibited a threshold current lower 
by 5 % and T 0 higher by about 10 % relative to the LD 
device of Example 1 . 

Example 7 

[0088] An LD device of the present invention was fab- 
ricated as in Example 1, except that the well layer and 
barrier layer of the active layer were each doped with 
magnesium, as an acceptor impurity, at a concentration 
of 1 x 10 18 /cm 3 . This device exhibited properties nearly 
the same as those of the LD device of Example 1 . 

Example 8 

[0089] An LD device of the present invention was fab- 
ricated as in Example 1, except that the well layer and 
barrier layer of the active layer were each doped with 
silicon, as a donor impurity, at a concentration of 1 x 
1 0 19 /cm 3 and with magnesium, as an acceptor impurity, 
at a concentration of 1 x 10 18 /cm 3 . This LD device ex- 
hibited nearly the same properties as those of the LD 
device of Example 6. 

Example 9 

[0090] In this Example, a nitride semiconductor LD de- 
vice having a structure as shown in FIG. 2 was fabricated. 
[0091] First, a fully washed sapphire substrate (0001 



plane) 11 was set in a reaction chamber of a MOVPE 
apparatus. Using TMG and ammonia as a raw material 
gas, GaN was g rown at 500 ° C on the substrate to a thick- 
ness of 200 angstroms to form a buffer layer 12. 

5 [0092] Then, the temperature was raised to 1050°C, 
and using TMG and ammonia as a raw material gas, and 
silanegas as an impurity gas, aSi-dopedGaN wasgrown 
at that temperature to a thickness of 4 |mm to form an n- 
type contact layer 13. 

10 [0093] Thereafter, the temperature was lowered to 
750°C, and using TMG, TMI and ammonia as a raw ma- 
terial gas, and silane gas as an impurity gas, an Si-doped 
ln 0 ^Ga 0 9 N was grown to a thickness of 500 angstrom 
to form a crack-preventing layer 30. 

15 [0094] Then, the temperature was raised to 1050° C, 
and using triethylgallium (TEG), TMA and ammonia as 
a raw material gas, and silane as an impurity gas, an Si- 
doped n-type Al 0 3 Ga 0 7 N was grown to a thickness of 
0.5 ijuti to form an n-type carrier confinement layer 14. 

20 [0095] Then, using TMG and ammonia as a raw ma- 
terial gas, and silane as an impurity gas, an Si-doped n- 
type GaN was grown to a thickness of 500 angstroms to 
form an n-type light-guiding layer 15. 
[0096] Next, an active layer 1 6 was grown, using TMG, 

25 TMI and ammonia as a raw material gas. Specifically, 
the temperature was maintained at 750 °C, and a non- 
doped ln 0 2 Ga 0 8 N was grown on the light-guiding layer 
15 to a thickness of 25 angstroms to form a well layer. 
Then, a non-doped ln 0 ^Gag 9 N was grown on the well 

30 layer to a thickness of 50 angstroms to form a barrier 
layer at the same temperature by changing the flow rate 
of the TMI stream. These procedures of forming the well 
and barrier layers alternately were repeated 13 times in 
total, and finally such well layer was grown, thus forming 

35 an active layer 16 of an MQW structure having a total 
thickness of 0.1 jmm. 

[0097] After the formation of the active layer 1 6, the 
temperature was raised to 1050°C, and using TMG, TMA, 
ammonia as a raw material gas, and Cp 2 Mg as a dopant 
^0 gas, an Mg-doped Al 0 2 Ga 0 8 N was grown to a thickness 
of 100 angstroms to form a first p-type nitride semicon- 
ductor layer 101. 

[0098] Then, while maintaining the temperature at 
1 050 ° C, an Mg-doped p-type GaN was grown to a thick- 

45 ness of 500 angstroms to form a second p-type nitride 
semiconductor layer 1 02, using TMG and ammonia as a 
raw material gas, and Cp 2 Mg as a dopant gas. 
[0099] Next, a third p-type nitride semiconductor layer 
1 03 was formed by growing an Mg-doped Al 0 3 Ga 0 7 N to 

50 a thickness of 0.5 |mm, using TMG, TMA and ammonia 
as a raw material gas, and Cp 2 Mg as a dopant gas. 
[0100] Subsequently, a p-type contact layer 17 was 
form by growing an Mg-doped p-type GaN to a thickness 
of 0.5 yarn, using TMG, ammonia as a raw material gas, 

55 and Cp 2 Mg as a dopant gas. 

[0101] After the reactions, the temperature was low- 
ered to room temperature, and the wafer was taken out 
of the reaction vessel. Then, from the topmost p-type 
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contact layer 17, etching was performed to expose the 
surface of the n-type contact layer 13. Then, a positive 
electrode 20, comprised of Ni and Au, was formed in a 
shape of stripe, while a negative electrode 1 9, comprised 
of Ti and Al, was formed in a shape of stripe. The wafer 
thus processed was vertically etched in a direction nor- 
mal to the longitudinal direction of the stripe electrodes 
1 9 and 20 to form vertical etched surfaces, on which re- 
flecting mirrors were formed to prepare resonance 
planes, thus providing an LD device. The device was set 
to a heat sink and laser oscillation was conducted at room 
temperature. The found laser oscillation was at a wave- 
length of 410 nm with a half bandwidth of 0.2 nm, and 
the threshold current density was 2 kA/cm 2 . 

Example 10 

[01 02] An LD device was fabricated in the same man- 
ner as in Example 9, except that the third p-type nitride 
semiconductor 1 03 was formed to a thickness of 0. 1 |mm. 
This device exhibited a laser oscillation at a wavelength 
of 41 0 nm with a half bandwidth of 0.2 nm at room tem- 
perature, and the threshold current density was 4.0 
kA/cm 2 . 

Example 1 1 

[0103] The same procedures were followed as in Ex- 
ample 9, except that the crack-preventing layer 30 was 
formed to a thickens of 200 angstroms, and that a further 
n-type contact layer comprised of Si-doped GaN was 
formed to a thickness of 0.5 /zm on that crack-preventing 
layer before forming the first n-type clad layer 14. The 
LD device thus fabricated exhibited a laser oscillation at 
41 0 nm with a half bandwidth of 0.2 nm at room temper- 
ature, and the threshold current density was 4.0 kA/cm 2 . 

Example 12 

[0104] The same procedures were followed as in Ex- 
ample 9, except that the second clad layer 1 4 was formed 
by growing Si-doped n-type ln 0 05 Ga 0 95 N to a thickness 
of 500 angstroms, using TMG, TMI and ammonia as a 
raw material gas, and silane as a dopant gas, and that 
the second p-type nitride semiconductor layer 102 was 
formed by growing Mg-doped p-type ln 0i01 Ga 0 _ 99 N to a 
thickness of 500 angstroms, using TMG, TMI and am- 
monia as a raw material gas, and Cp 2 Mg as a dopant 
gas. The LD device thus fabricated exhibited a laser os- 
cillation at 410 nm with a half bandwidth of 0.2 nm at 
room temperature, and the threshold current density was 
4.0 kA/cm 2 . 

Example 13 

[0105] The same procedures were followed as in Ex- 
ample 9, except that spinel ((1 1 1 )-plane) was used as 
the substrate 1 1 . The obtained wafer was processed as 



in Example 1, thereby obtaining an LD device. The LD 
device thus fabricated exhibited a laser oscillation at 41 0 
nm with a half bandwidth of 0.2 nm at room temperature, 
and the threshold current density was 4.0 kA/cm 2 . 

5 

Example 14 

[0106] The same procedures were followed as in Ex- 
ample 1 , except that after each well layer of ln 0 2 Ga 0 8 N 

10 (average composition) was formed, the well was allowed 
to stand for 5 seconds and then each barrier layer was 
formed, thus obtaining an LD device. In this device, it 
was found that each wall layer was phase-separated into 
indium-rich regions and indium-poor regions, and each 

15 indium-rich region almost corresponded to a composition 
of ln 0 4 Ga 0 6 N and each indium-poor region almost cor- 
responded to a composition of ln 0 . 0 2 Ga o.98 N - Further, it 
was confirmed by TEM sectional photograph that the in- 
dium-rich regions and the indium-poor regions were al- 

20 ternately arranged regularly in the plane direction of the 
well layer (refer to FIG. 6). The LD device thus fabricated 
exhibited a threshold current density lower than that of 
the device fabricated in Example 1 by 30 %, and a T 0 
higher than that of the device fabricated in Example 1 by 

25 20 %. 

Example 15 

[0107] The same procedures were followed as in Ex- 
30 ample 14, except that silicon was doped in each well 
layer, thus fabricating an LD device. This device exhibited 
a threshold current density lower than that of the device 
fabricated in Example 1 by 40 %, and a T 0 higher than 
that of the device fabricated in Example 1 by 30 %. 
35 [0108] Meanwhile, in each Example described above, 
an impurity whose concentration was not particularly in- 
dicated was doped in a preferred concentration range 
explained above. 

[01 09] The above-described examples show the most 
^o preferred examples, where the active layer, the first ni- 
tride semiconductor layer, the second nitride semicon- 
ductor layer and the third nitride semiconductor layer are 
brought into contact. However, according to the present 
invention, at least the first nitride semiconductor layer 
45 needs to contact the active layer, and, therefore, other 
nitride semiconductor layer can be inserted between the 
first nitride semiconductor layer and the second nitride 
semiconductor or between the second nitride semicon- 
ductor layer and the third nitride semiconductor layer. 

50 

Claims 

1. A nitride semiconductor device having, on a sub- 
55 strate (1 1 ), a layer structure comprising in the follow- 
ing order 

- an n-type contact layer (13), 
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- a first n-type clad layer (14) which comprises 
an aluminum-containing nitride semiconductor, 

- a second n-type clad layer (1 5) which compris- 
es an indium-containing nitride semiconductor 
or GaN, 5 
-an active layer (16) of a quantum well structure 
which comprises an indium-containing nitride 
semiconductor, 

- a first p-type clad layer (1 01 ) which comprises 
an aluminum-containing nitride semiconductor, 10 

- a second p-type clad layer (102) which com- 
prises an indium-containing nitride semiconduc- 
tor or GaN, 

- a third p-type clad layer (1 03) which comprises 
an aluminum-containing nitride semiconductor, 15 
and 

- a p-type contact layer (1 7). 



2. The device according to claim 1 , 
characterized in that said active layer (1 6) is doped 
with an impurity. 

3. The device according to claim 2, 
characterized in that said impurity comprises sili- 
con or germanium. 

4. The device according to claim 2, 
characterized in that said impurity is doped in a 
well layer. 

5. The device according to any one of claims 1 -4, 
characterized in that said first p-type clad layer 
(1 01 ) has a thickness of 1 0 angstroms or more, but 
not more than 0.1 |uum. 

6. The device according to any one of claims 1 -5, 
characterized in that said active layer (16) is of a 
multi-quantum well structure of laminated InGaN 
well and InGaN barrier layers. 

7. The device according to any one of claims 1 -6, 
characterized in that an n-type layer (30) com- 
posed of an indium-containing nitride semiconductor 
is formed on said n-type contact layer (13) between 
said n-type contact layer and said first n-type clad 
layer (14). 



Patentanspriiche 

1. Nitrid-Halbleitereinrichtung, die auf einem Substrat 
(1 1 ) eine Schichtstruktur aufweist, die in der folgen- 
den Reihenfolge umfasst: 



- eine zweite n-Typ-Uberzugsschicht (15), die 
einen Nitrid-Halbleiter, der Indium enthalt, oder 
GaN umfasst, 

- eine aktive Schicht (16) einer Quantentopf- 
struktur, die einen Nitrid-Halbleiter umfasst, der 
Indium enthalt, 

- eine erste p-Typ-Uberzugsschicht (101), die 
einen Nitrid-Halbleiter umfasst, der Aluminium 
enthalt, 

- eine zweite p-Typ-Uberzugsschicht (102), die 
einen Nitrid-Halbleiter, der Indium enthalt, oder 
GaN umfasst, 

- eine dritte p-Typ-Uberzugsschicht (103), die 
einen Nitrid-Halbleiter umfasst, der Aluminium 
enthalt, und 

- eine p-Typ-Kontaktschicht (17). 

2. Einrichtung gemaG Anspruch 1, dadurch gekenn- 
zeichnet, dass die aktive Schicht (16) mit einer Ver- 

20 unreinigung dotiert ist. 

3. Einrichtung gemaG Anspruch 2, dadurch gekenn- 
zeichnet, dass die Verunreinigung Silizium oder 
Germanium umfasst. 

25 

4. Einrichtung gemaG Anspruch 2, dadurch gekenn- 
zeichnet, dass die Verunreinigung in eine Quan- 
tentopfschicht dotiert ist. 

30 5. Einrichtung gemaG einem der Anspruche 1 bis 4, 
dadurch gekennzeichnet, dass die erste p-Typ- 
Uberzugsschicht (1 01 ) eine Dicke von 1 0 Angstrom 
oder mehr, jedoch nicht mehr als 0,1 |mm aufweist. 

35 6. Einrichtung gemaG einem der Anspruche 1 bis 5, 
dadurch gekennzeichnet, dass die aktive Schicht 
(1 6) eine Multi-Quantentopf-Struktur von laminierten 
InGaN-Topf- und InGaN-Barriere-Schichten ist. 

40 7. Einrichtung gemaG einem der Anspruche 1 bis 6, 
dadurch gekennzeichnet, dass eine n-Typ- 
Schicht (30), die aus einem Nitrid-Halbleiter zusam- 
mengesetzt ist, der Indium enthalt, auf der n-Typ- 
Kontaktschicht (13) zwischen der n-Typ-Kontakt- 

45 schicht und der ersten n-Typ-Uberzugsschicht (14) 
gebildet ist. 



Revendications 

50 

1. Un dispositif a semi-conducteur au nitrure, ayant, 
sur un substrat (1 1 ), une structure a couches, com- 
prenant, dans I'ordre suivant : 

- une couche de contact de type n (13), 

- une premiere couche de plaquage de type n 
(14) comprenant un semi-conducteur au nitrure, 
contenant de I'aluminium, 



- eine n-Typ-Kontaktschicht (13), 55 

- eine erste n-Typ-Uberzugsschicht (14), die ei- 
nen Nitrid-Halbleiter umfasst, der Aluminium 
enthalt, 
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- une deuxieme couche de plaquage de type n 
(15) qui comprend un semi-conducteur au nitru- 
re, contenant de I'indium, ou du GAN, 

- une couche active (1 6) d'une structure a puits 
quantique, comprenant un semi-conducteur au 5 
nitrure, contenant de I'indium, 

- une premiere couche de plaquage de type p 

(101 ) , comprenant un semi-conducteur au nitru- 
re, contenant de I'aluminium, 

- une deuxieme couche de plaquage de type p 10 

(102) , comprenant un semi-conducteur du nitru- 
re, contenant de I'indium, ou du GAN, 

- une troisieme couche de plaquage de type p 

(1 03) , comprenant un semi-conducteur au nitru- 
re, contenant de I'aluminium, et 15 

- une couche de contact de type p (1 7). 

2. Le dispositif selon la revendication 1 , caracterise 
en ce que ladite couche active (1 6) est dopee avec 
une impurete. 20 

3. Le dispositif selon la revendication 2, caracterise 
en ce que ladite impurete comprend du silicium ou 
du germanium. 

25 

4. Le dispositif selon la revendication 2, caracterise 
en ce que ladite impurete est dopee dans une cou- 
che a puits. 

5. Le dispositif selon I'une quelconque des revendica- 30 
tions 1 a 4, caracterise en ce que ladite premiere 
couche de plaquage de type (101) presente une 
epaisseur de 1 0 angstroms ou plus, mais pas supe- 
rieure a 0,1 juun. 

35 

6. Le dispositif selon I'une quelconque des revendica- 
tions 1 a 5, caracterise en ce que ladite couche 
active (16) est d'une structure a puits quantiques 
multiples, formee de couches a puits en InGaN et 
barriere en InGaN laminees. 40 

7. Le dispositif selon I'une quelconque des revendica- 
tions 1 a 6, caracterise en ce qu'une couche de 
type n (30), composee d'un semi-conducteur au ni- 
trure, contenant de I'indium, est formee sur ladite 45 
couche de contact de type n (13), entre ladite couche 

de contact de type n et ladite premiere couche de 
plaquage de type n (14). 

50 
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